Additive manufacturing (AM), more commonly known as 3D printing, is a commercially established technology for rapid prototyping and fabrication of bespoke intricate parts. To date, research quality mirror prototypes are being trialled using additive manufacturing, where a high quality reflective surface is created in a post-processing step. One advantage of additive manufacturing for mirror fabrication is the ease to lightweight the structure: the design is no longer confined by traditional machining (mill, drill and lathe) and optimised/innovative structures can be used. The end applications of lightweight AM mirrors are broad; the motivation behind this research is low mass mirrors for space-based astronomical or Earth Observation imaging. An example of a potential application could be within nano-satellites, where volume and mass limits are critical. The research presented in this paper highlights the early stage experimental development in AM mirrors and the future innovative designs which could be applied using AM.
INTRODUCTION
Additive manufacturing (AM; 3D printing) is a fabrication method that can build a part layer-upon-layer using a variety of materials (metal, ceramic, plastic) and methods (laser sintering, stereolithography, etc.) depending on the end use of the part.
1 AM is particularly appealing at present as it can create structures that would not be possible via traditional machining (mill, drill and lathe) and there is an appreciable reduction in waste material as only the primary structure and potentially some excess support structures are required. AM was initially the domain of rapid prototyping; however, increasingly it is being used to create bespoke parts for real-world applications, with the advantage of innovative design being one of the chief benefits. AM mirrors have been under investigation for several years with encouraging results obtained using aluminium and titanium AM alloys.
2-4
The advantage of AM for mirror fabrication, and particularly towards space-based astronomical applications, is the ability to create innovative lightweighting designs which would not be possible via traditional methods.
Traditionally, there are three variants of lightweight mirror design 5 as shown in Figure 1 : 1) contoured back mirrors, 2) open back mirrors, and 3) sandwich mirrors. Each of these variants have advantages and disadvantages and a comprehensive comparison is provided by Schwertz et al. (2012) . 6 Contoured back mirrors are relatively easy to fabricate and to mount, but they do not offer the best weight reduction. Open back mirrors and sandwich mirrors offer a better weight reduction, but conversely are difficult and expensive to fabricate. The difference between open back mirrors, which are commonly used in lightweight mirror design, and sandwich mirrors, is that sandwich mirrors are stiffer and therefore offer minimal deflection per weight and height than open back mirrors, but they are more difficult to fabricate and mount, which in turn leads to increase cost. Therefore sandwich mirrors offer the optimum lightweighting performance out of the three traditional variants and if AM can be used to print the three individual components of the mirror in one part, the disadvantages of fabrication complexity and expense are reduced. Furthermore, the challenge in mounting sandwich mirrors can be counteracted via the inclusion of integrated mounting, as the only limitation on the mirror design beyond AM machine build volume, is in the ability to generate the mirror surface. Therefore, additive manufacturing offers a direct path to produce lightweight mirrors that are structurally more rigid and easier to fabricate for future astronomical applications. This paper presents the conclusion and a continuation of a UK Space Agency (UKSA) funded project on 'Additive manufacturing for space-based optics' which was presented at SPIE Optics+Photonics in 2017.
7, 8
The objective of this research was to investigate different AM materials (plastics and metals) and different AM methods (laser sintering and stereolithography) towards lightweight mirrors for space. A series of small test samples were created, polished and their optical surfaces evaluated. In the final section of Atkins et al. (2017) 7 was the design of an optimised lightweighting design modelled using the finite element analysis (FEA) tool topology optimisation. This paper concludes this research with an analysis of the polished non-optimised and optimised samples (Section 3) in terms of surface form error and evaluating the polishing print-through effect. Following the conclusion of the UKSA project, an excess AM aluminium sample was diamond-turned to determine the mirror quality that could be achieved on a diamond-turned surface in comparison to a polished AM aluminium surface, particularly in regard to surface roughness -Section 2. Finally, Section 4 will discuss the breadth of lightweighting design that can be applied using AM towards lightweight mirrors. The organisation of this paper follows an increase in feature size: starting with the microscopic roughness and concluding with macroscopic structral design. 
DIAMOND-TURNED MIRROR
The sample for diamond-turning was 40mm diameter, 6mm in height and had 4mm of inner lightweighting in the form of arches as shown in Figure 2 . The design requirements for the sample are described in Atkins et al. (2017) , 7 but the optical prescription was a flat for ease of measurement. The sample was printed commercially using metal laser sintering (MLS) in the aluminium alloy AlSi 10 Mg and was lightweighted to ∼44% of a solid equivalent (9g arches lightweighting, 20.4g solid). The RAL Space Precision Development Facility (PDF) performed the diamond-turning. The primary objective in the diamond-turning study was to investigate the quality of the reflective surface that could be generated using the PDF single point diamond turning (SPDT) machine, there were no expectations in the resultant surface form error or surface roughness. The SPDT was used to generate a flat optical surface on the AM substrate. Prior to diamond-turning the sample had been bead blasted to remove the majority of the post-print roughness. A series of Taylor Hobson Form Talysurf Intra profiles were measured over a 38mm length and intersecting the centre of the part at 0
• , 45
• and 90
• to evaluate the pre diamond-turning surface quality. To extract the surface roughness data from the form error (defined as the deviation from the optical prescription), the low frequency component of the data was removed using a 2.5mm Fourier filter cut-off; the resultant peak-to-valley (PV) and root mean square (RMS) were 17.99µm and 1.74µm respectively averaged over the three orientations; a more comprehensive discussion of the data analysis is provided within Roulet et al. (2018) . 9 In regard to form error, qualitatively the part was relatively flat post bead-blast with no dominant periods or curvature. Figure 3a) highlights the aluminium sample prior to diamond-turning. A 0.504mm radius tool tip was used at a pitch of 0.006mm by the SPDT machine to generate the reflective surface. Only a single pass with the SPDT was performed due to time and resource limitations. 
Metrology: surface form error
The form error of the mirror surface was measured at the UK Astronomy Technology Centre using a Zygo interferometer at λ = 633nm and because only a single pass with the SPDT was possible, the form error does not represent the optimum surface that could be achieved. The raw surface is shown in Figure 4a ) and b), the surface is concave with a PV of ∼600nm. The centre and the edge indicate loss of data due to SPDT marks in those regions. Figure 4c ) is a representation of the simulated surface form error by fitting Zernike terms up to Z 8 (spherical defocus). Figure 4d ) highlights the residual surface form error after Zernike subtraction with a RMS of ∼22nm, the arches lightweighting structure is apparent. 
Metrology: surface roughness
The surface roughness of the mirror was measured at the Optical Metrology Laboratory at the Diamond Light Source Ltd. using a Bruker Contour GT-X stitching microinterferometer. Located on the mirror centre, a 3 × 3 grid with 10mm spacing was used to sample the mirror. The grid was evaluated at three magnifications: 5×, 10× and 50×. The images of each magnification are show in Figures 5, 6 and 7 respectively.
In each of the three figures the spiral form of the SPDT tooling is evident. In addition, lines are observed in-plane with the horizontal axis in all the 3 × 3 images for each magnification. The average spacing between the lines is ∼ 50µm and with a range between min ∼ 10µm and max ∼ 100µm. It is assumed that these lines represent the build layers used during AM manufacturing; the AM manufacturer for this part quoted ∼ 50µm as the build layer. It is also known that this part was built in the vertical orientation, which would account for the near 50µm layer spacing. The cause of the variability in thickness of the layers is unknown.
A Fourier analysis of the data ( Figure 8 ) highlighted a dominant frequency at 0.006mm which correlates to the lay-lines induced by SPDT. Figure 8 (a) and Figure 8 (b) depict the build lines and the SPDT lay lines in parallel and perpendicular to one another respectively; the comparison of the two plots deconvolves the two roughness components into the low spatial frequency build roughness and the high spatial frequency SPDT roughness.
The numerical evaluation of roughness for the three magnifications is shown in Table 1 . The average Sq (RMS) value for the three magnifications excluding the central points is 3.6nm. In comparison to previous AM aluminium parts, which range from a Sq of 6nm -22nm, 2, 3, 7 the result demonstrates the potential AM aluminium mirrors for visible and infrared (IR) applications. Quantifying in terms of total integrated scatter 10 (TIS) for the mirror and defined by the equation T IS = 1 − exp(−(4π sin θσ/λ) 2 ), where θ = angle of incidence to the surf ace (90
• ), σ = RM S roughness and λ = wavelength; for 550nm (visible spectrum) at the measured 3.6nm RMS the TIS is ∼ 0.7% and similarly, for 2500nm (thermal IR), the TIS equals ∼ 0.03%. Assuming that the mid-and low-spatial frequencies can be controlled within the required specifications, AM aluminium mirrors do have the potential for visible and IR applications in the future despite the presence of the AM build layers. 
Conclusion
The surface roughness data presented in this section demonstrates that an AM substrate can be directly machined to create a mirror surface for visible and infrared wavelengths. The build layers are visible in the mirror surface, but it is possible to mitigate these build effects through orientating the part differently within the AM build chamber. If the part was orientated in the horizontal direction, potentially the surface of the mirror could lie within one of these build layers -further investigation into the effect of build orientation and roughness is required. Diamond turning has demonstrated itself to be effective in generating low surface roughness mirror surfaces, future work will focus on using iterations of metrology and diamond-turning to minimise the surface form error of subsequent mirrors.
LIGHTWEIGHTING COMPARISON: NON-OPTIMISED VERSUS OPTIMISED
The previous section considered the roughness on the AM substrate, whereas the focus in this section is shifted towards mass reduction and evaluation of surface form error. Two samples are compared: a non-optimised generic lightweighting structure and an optimised lightweighting structure. Interferometric and profilometry data is presented.
Non-optimised sample
The design of the non-optimised sample was the same as the design of the arches sample in Figure 2 . The part was 40mm in diameter, 6mm in height with 4mm of lightweighting sandwiched between two solid face plates.
The part was printed in AlSi 10 Mg via MLS and coated in NiP. The NiP coating allowed the emphasis to focus on the form error achieved on the AM part, as opposed to the surface roughness since NiP is commonly used to generate high quality mirror components.
Optimised sample
The goal with the optimised sample was to reduce the weight of the part relative to the non-optimised sample while maintaining the same aperture area and mirror quality. The face plates of the sandwich mirror were reduced in thickness to 0.5mm and the lightweighting was optimised to mitigate the subsequent loss in stiffness in the face plates. The finite element analysis (FEA) tool topology optimisation (TO) was used to design the new lightweighting by minimising the total internal strain energy of the part for an applied polishing pressure, mass reduction and physical constraints. A thorough description of how TO was used to iterate to an optimised design has been previously described; 7 however, a brief overview of the procedure is presented in Figure 9 . Figure 9 . An example in the use of topology optimisation in the design of the sample lightweighting to minimise polishing quilting effect. a) the boundary conditions and the optimisation constraints (i.e. mass removal) are defined within the FEA model; b) the part is meshed -a triangular prism mesh is used in this example; c) the optimisation penalises the mesh elements to either 1 (solid) or 0 (void) during the iterations, the optimsation is complete when the solution converges; and d) the void elements are removed from the solution, which results in the optimised geometry. Figure 10a ) and b) highlight the design of the optimised sample; the lightweighting is a series of co-axial tapered rings radiating from a central pillar. Figure 10c ) depicts the machined base plate of the sample. The optimised sample was printed inAlSi 10 Mg and the two face plates milled to 0.5mm, the sample was then coated in NiP prior to polishing, as shown in Figure 10d ). 
Polished samples
Both the non-optimised and the optimised samples were ground and polished by hand at the University College London Optical Science Laboratory (OSL). The finished mirrors are shown in Figure 11 . The weight comparison between the two finished mirrors is 14.3g and 11.7g for the non-optimised and the optimised designs respectively. However, some of the weight reduction gained in the optimised design has been lost due to the increased surface area which leads to an increase in the amount of the NiP coating deposited. 
Metrology: interferometry
Interferometry data was taken at OSL during the polishing phase as a means to iterate towards a converge polishing result. The interferograms presented in Figure 12 are independent metrology data taken at the European Synchrotron Radiation Facility (ESRF) metrology laboratory on a ZYGO GPI -XPZ (λ = 632.8nm) interferometer. Qualitatively the non-optimised design has a low order oval concave form, whereas the optimised design is flatter with an obvious low-mid spatial frequency present. The PV and RMS of the non-optimised mirror is 323nm and 83nm respectively in comparsion to 204nm and 31nm for the optimised mirror. The cause of the oval form in the non-optimised mirror is unknown, polishing iterations at OSL failed to remove this error. The imprinted ring structure of the optimised design is consistent with the underlying ring structure of the lightweigting in terms of form; however, the period of the ring structure in the interferogram does not match that of the lightweighting. In addition, the optimised sample does highlight what are suspected to be milling marks in the vertical axis of the interferogram; these were visible prior to polishing as shown in Figure 10d ).
Metrology: profilometry
To complement the interferometry data, profilometry data was taken on a Taylor Hobson Form Talysurf Intra at Glyndŵr Innovations (Figure 13a) ). Profilometry data was taken along four orientations (0 • , 45
• , 90
• and 135
• ) on both the non-optimised and the optimised parts as shown in Figure 13b ). A Fourier analysis of the two data sets is shown in Figures 14 and 15 . In regard to the non-optimised design, the polishing print-through effect (quilting) is observed in the measured data at the expected frequency shift for the measurement direction -measurements diagonal to the arch cells imprints a broader quilting effect upon the surface than measurements in-line with the arches. Despite the fact that there is a clear magnitude shift between the measured and FEA profiles, approximately ∼ 100×, the alignment of the polishing print-through effects is encouraging, particularly as a means to mitigate the print-through for future lightweighting designs. The dominance of the oval effect is demonstrated by the profile maximum, in terms of magnitude, at the low order spatial frequency domain. In addition to the observed structural features, there is a mid-high spatial frequency peak shown at a wavelength of ∼1.3mm which is suspected to be a polishing artefact.
The Fourier plot of the optimised lightweighting, shown in Figure 15 , demonstrates the alignment of the measured print-through effect and that of the predicted FEA print-through; however, like the non-optimised design, the magnitude of the measured print-through is ∼ 100× the FEA value. In addition to the direct printthrough effect of the lightweighting, the dominant frequency seen in the interferometer image is also observed in the FEA data albeit at a lower magnitude. The answer as to why this frequency was the dominant one of the mirror surface is not yet thoroughly understood; however, like the non-optimised mirror, the agreement in the alignment of the observed features is encouraging in the design of future lightweighting.
Conclusion
A summary of the measured, or calculated, characteristics of the two lightweighted mirrors is provided in Table 2 . The presented physical characteristics highlight the weight reduction of the pre-coated optimised part, which is • orientations (right). In both cases the measured profiles have been compared against the respective FEA profiles highlighted in Figure 13c ). Figure 15 . The averaged FFT profile from all four orientations compared against a profile taken from the FEA simulation shown in Figure 13d ). equivalent to the volume reduction; however, due to the increase in surface area of the optimised sample the full weight reduction is not gained. In regard to surface form error, the optimised design did produce the lower PV and RMS values; however, the equivalent surface roughness was not achieved on the optimised part and there is roughly a factor of 2 degradation when compared against the non-optimised part. The surface roughness was measured with the surface form error at ESRF using three magnifications 2.5×, 5× and 50× and is included in Table 2 . During the polishing of the optimised mirror, a trade-off had to be made as to whether to prioritise surface roughness or surface form error and the latter was chosen, therefore the expected surface roughness from the NiP substrate was not achieved.
Upon completion of the optimised sample polishing, a trade off had to be made that in order to reduce the surface figure error the polishing time between each iteration had to be reduced which meant that the optimum surface roughness that is usually expected on NiP was not achieved.
The results obtained from this study highlight the potential of topology optimisation in the design of future mirror lightweighting; the ability to design a structure which is optimised for the forces applied to the part does have clear advantages. In the case of the optimised sample, a single uniform polishing pressure does not represent all the forces applied during the polishing process and therefore the simulation is probably too simplistic to gain the full advantage of this technique. However, TO is not the only innovative technique that can be applied to AM in lightweighting design and these are discussed below.
FUTURE WORK: DESIGN OPTIMISATION
This section presents three AM design routes that have potential towards mirror lightweighting. 
Topology optimisation
The basic process of topology optimisation has been discussed in Section 3.2 and in Figure 9 . Within this paper TO has been applied to minimise the total internal strain energy of the part for a given mass reduction and boundary conditions (applied force and fixtures); the model presented followed the guidelines provided by COMSOL Multiphysics.
11 TO for mirror lightweighting is an established field with particular examples towards open back space-based mirrors described in Qu et al. 2016 12 and Liu et al. 2015 . 13 A specific example which presents a similar work flow to this research is presented in Hu et al. 2017 ;  14 here the lightweighting structure of a 2m diameter sandwich mirror for space is described that is optimised to minimise the polishing print-through effect for a given set of fixtures. Future research in TO will endeavour to simulate a more accurate polishing, or diamond turning, environment with the intention to incorporate these communities in the design phase.
Regular lattices/ tessellating polyhedrons
Perfectly tessellating polyhedrons are those that can be tessellated without incurring any voids (e.g. a cube) to create a lattice structure. Figure 16 provides two examples of perfectly tessellating polyhedrons that have been studied so far: the rhombic dodecahedron (Figure 16(a) ) and the truncated octahedron 16(b) . The selection of these polyhedrons for study is influenced by the fact that they represent structures which enclose the maximum volume for the minimum surface area -the perfectly tessellating equivalent of spheres. d) ) represent the density grading (100%, 60%, 30% and 10%) that can be applied to the perfectly tessellating rhombic dodecahedron and truncated octahedron respectively. In both subplots the image on the far right demonstrates how the polyhedrons perfectly tessellate.
One advantage of dividing a lattice into individual polyhedrons is that it allows for density grading of a structure, as shown in Figure 16 . Density grading would allow a lattice structure to be populated with polyhedrons with varying density based upon the strategic need for structural integrity in certain locations. For example, TO can be used to map where the critical regions are in a structure for a given load and this map can be used to distribute the different density polyhedrons. 16 A worked example of this method, from simulation to printed part, when applied to a hammer handle can be found in COMSOL News (2015). 
Voronoi cells
The primary difference between the polyhedrons and Voronoi cells is that Voronoi cells offer an element of randomisation in the lightweighting structure. Voronoi cells are defined by a series of 'seeds' that have x, y, and z coordinates. The cell is defined by a perimeter of straight lines, each straight line represents a perpendicular line located half way along a line which connects the seed of the cell with a neighbouring seed. If the seeds were distributed in a regular pattern, a Voronoi pattern would be a regular grid structure; however, by adding a random component to the seed placement a random Voronoi structure can be obtained. Voronoi cells can be considered as analogous to soap bubbles in a foam as demonstrated by Figure 17a ). Figure 17b ) and c) highlight some early examples of how Voronoi cells have been implemented in lightweighting design. These early trials used Matlab to create the Voronoi structures from a vector of seed coordinates calculated from the preferred spacing plus a random component. In Figure 17b ) the cells have been density graded so that there are more smaller, densely packed cells near the mirror surface (top surface in the figure) 18 a TO designed mirror mount, for example, can be further lightweighted by using Voronoi cells.
Future work
Three different lightweighting design routes have been presented and discussed. Future work will focus on converting these initial trials into proof-of-concept designs with the end goal that they will be printed as mirror lightweighting to provide design verification data.
SUMMARY AND CONCLUSION
The objective of this paper was to share experimental data and thoughts in the application of AM towards mirror lightweighting for space, to this end three themes were presented:
1. Diamond-turned mirror -this section discussed the surface metrology, particularly surface roughness, for an aluminium diamond-turned mirror and demonstrated the need to understand the orientation of the part within the build chamber in relation to surface roughness. The key result from this section was the ∼ 3.6nm RMS roughness on the diamond-turned AM aluminium.
2. Lightweighting comparison: non-optimised versus optimised -in this section topology optimisation was introduced and how it can lead to a reduction in mirror weight while maintaining overall surface form. Metrology data evaluating surface form error was compared for a non-optimised and optimised sample pair. An analysis of the expected FEA print-through deformation in comparison to the measured deformation was described using Fourier space.
3. Future work: design optimisation -within this section three routes for further design optimisation were discussed as a means to ensure the optimum lightweighting design for an AM mirror is achieved. Each route represents research within the AM design community that will need to be adapted towards the mirror application.
Within this paper a series of mirrors have been presented which demonstrate that additive manufacturing can be used in mirror fabrication for visible and infrared wavebands in the future. However, only demonstrating reflectivity and low figure error does not showcase the full potential of AM mirrors; the advantage comes in the innovative structural design that can be implemented when the mirror design is no longer confined by traditional machining (mill, drill and lathe). Section 3 presented a first attempt in using topology optimisation to design a mirror lightweighting specifically to minimise the effects of polishing print-through. In Section 4 the breadth in lightweighting design potential was presented in terms of very early concept studies; these studies will be analysed and printed in the future with the goal of presenting alternative structures for mirror lightweighting.
